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Part I 

THE ELASTIC PROPERTIES OF MOLLUSCAN SHELLS 

1 INTRODUCTION 

From the ho re t l ca l  standporn t, i ~ ~ e ~ i s ~ ~ r c n ~ e i ~  ts of t l l ~  el,lsllL 
propel ties of solids possesa the gredtest signit~c,~nce nlleil they rt-l,ttc 
to the m.itenal in the form of single crystals, the uniformity of spaciil;: 
and orlentation of the units composing the crystal 1,ittlce opens up tila 
posslbllity of tlieoretml computations of the el'ud~t properties iur 
comparrson swth the experinmltnl results The great mCijonty of t l l t  
solids used in the arts and inclustties are, however, not si~lgle crqst,tls 
but aggregates h ~ ~ v i n g  more or lesa n comple7i s t r u ~ t u i c  The relation 
between the elast~c properties of these aggregates mcl those of the 
crystallrne units of wh~ch  they are inadc up is obv~ously ,L sublcct 
of cons~cleidble impo~tnnce It  may natulnlly be assumed t h d  the 
propelties of polycrystalline aggregates wl l  ctepencl to a consldei- 
able extent on those of the single crystals w l ~ h  form them Thc 
order and dirangeillenl of the c~ystallites '\re obviously ol; impurt- 
ance in tlzis connection Thus a rmdom oiientc~tion of intrinsl- 
cally an~sotroprc crystals may be expected to result HI ,ln eliist~cL~lly 
~sotroplc body whde an orientation about 'n l lnea~ nsts ~ 1 1 1  rebnlt in ,i 

fibre structuie and  ons sequent elast~c amsotropy In many 5ubs- 
tances, these co~isicIei ations are further complic,tted by thc presence 
of a substmce usually of the nature of a cewentlng 1nkmnI n liich * 
helps to bind the valious c r ~  stallltes tagethcr The nature, qusntitj 

and distribution of t h ~ s  ceine~itmg nlaterlal w~ l l  influence in n marlied 
manner, the elastic properties of the main sul)st:uice Thi5 cenitn- 
tiag nlateiial may, in some cascs, be an ,moiphous ph<lsc of the s m w  
chemical nature as the crystallites oi it mcly be ' L I ~  eiltlrtly forclgn 
substance 

The ldtter type of cementmg niatclial O~cLlrb 111 the molluscLul 
shells wlz~ch form the subject of the pl esent ~nvest~iptioil  T11~rc: 

are some variet~es of molluscan shells in ~vlrhich the f o ~ m e r  kind of 
cenzentmg ma te r~ i l  occurs In clloosmg the mnter~,ds £01 thts 
~nvestlgation, two cox~siderat~ons havt Iwm 1 w ~ n i 1 ~  tCAcn into Lic~ount 
First only su& shells hive been chosen nhich drc d\.alhble In I Ll& 



well-formed shapes so that elastlc measurements can be made wltl, 
accuracy and whlcll forin representative types of the dlRelent 
f a m k s  of inolluscan shells Secondly, the cholce has been wlth a 
view to Include only such sheIls as  ale common1y enipIoyed for 
decorahe  and artlstlc wolkmanshlp From the polnt of vlew of tl.le 
external appearance, the sl~ells that have been chosen for study can 
be classified into two kinds, the iridescent and the non-iridescent 
shells As IS evldent from the descnptlon, the lrldescent shells, on 
being polished, present a vely beautiful array of surface colours 
wlzicl~ change wxth chang~ng angles of observation wh~le  the non- 
iridescent shells, on pohshing, present only a brrght white smface, 
more or less of the nature of porcelain The clystalline part of these 
shells conslsts of crystals of calcium carbonate and amounts to as 
much as 85 to 95% (per cent ) of the wclght of the shells These 
c~ystals  of calclum carbonate are held togethe] 111 the frame-work of 
the shells by an organic protein matter called conchyolin Cllalk, as 
is well-known, occui s xn nature xn two distxnctly crystallme var~eties 
known as aragonde and calclte It 1s the formel varlety of ~t w h d ~  
occurs In the iridescent shells coinmonly called mother-of-pearl 
wlule the latter varlety occuls in the non-iridescent shells 

A detalled expermental study of the elastlc properties of 
calcite and aragonite has been made by Volgt (1890 & 1907) Flg I(A) 

ELASTIC' PROPERTIES 



glves the principal sections, xco~cling to Volgt, nf the cl,~,stlc 
sui faccs of alagomte and F I ~  I(R) those ot ca lde  Thc str lhl~~g 

I z 
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FIG I(B) 

clifference In elastic pioperties between the two for~ns 1s obvmus f ~ o m  
the figuies Oke (1936) has m d e  a thevret~cal computation of the 
elastic constants of alagonite and cdl~ite bdbed 011 Born's Lattlce 
Theory ol Crystal structure and h d s  a satisfactory ngrcernent 
between 111s calculations and the exyerltnental v&es of Vo~gt 
Accorclmg to Oke, the cause of the dliierence in the elastic propertie?, 
between calcite and aragonite is to be traced to the dlfkereiice 111 the 
relative positlolls of the Ca and CO, ions in the two crg\t,ils The 
elastrc anrsotlopy IS more nlarkecl 111 the case of- aragon~te than 
1x1 calcite Indeed, in the X-Y-plane while c~tlclte 1s isotropic, the 
Young's modulus of aagonite along the X-ax~s rb c p t e  dotihie t l ~ t  
along the Y-axis As we shall see Intel, tlus featulc makes itstlf felt 
in the clastlc plopel tlcs of mother-of-peal1 

STRUCTURE AND CONSTITUTION OF THE SI-IEI,LS 

2 STRUCTURE O F  hIOTMER-OF-PEARL 

Dating from the l m e  of Biemster (153.3), the stru~turc of 
rnotl~er-of-pearl has formed the subject of numerous investigations, 
amongst whch those of S~hmlclt (1934) should be spw~'l111y me~ltmned 
Bogglld (1930) has made A detLulecl study of the xclntc~turc of 



molluscan shells by nleans of tlie p o h  lslng mlciosco 
succeeded in classifymg them into dehnite gloups 1 1 1 ~ ~  

geneous structul e, the laminated or the ilacl eous st 
foliated structui e, the twinnecl laminated stiucture, t 
structule ancl so on As a iesult of these stud~es, 11 is 
that mother-of-pearl has got a lammated structure, r 

alteinate layers of aiagonite and conchyolin Each alago 
in ttun inade up of a nu in be^ of platelets of aiagonite 
platelets belng bouncI to one another by intelvenlng 
Accordtng to Schinldt and as confirinccl by Boggllcl, i 

crystall~tcs forining the platelets in all the lricles~ent shell< 
tl1c11 C-axes normal to thc plane of the platelets, whil 
parallel to the surface of the shells Schmidt had also 
the thlclrness of the protem layers mteivenmg the ara; 
was x m l l  In coinpaiison wlth the th~ckness of the l a t h ,  
,dso mlvecl at by Rainan (1935) by a study of lammar c 

l~gh t  by Ihe surface of these shells By a stucly of the 1 
and dlflusron hales  exhibited by these sliells, RamCm 
establishecl that the platelets of aiagonxte formmg the 
shell are sensibly of unlform diinens~ons and spaced 
ieg~llar mannei The three Grcal, gioztps of inollus 
B~valvcs, the Gastl opods ancl the Cephalopods a1 e shar 
tiated by str~king dtfferences in thelr clif3us1on llalces \ 

indicate that the a~iangements of the crystallme paitic 
are vei y cliffelent in the g~oups  I-Ie thus finds thnt In t 
there is a more or less regulai o~ientatton of the aiagonite 
lespect to the lmes of giowth 111 the plane of the shell, a i 
tatloll m the Gastiopods and an mtermednte oiientat~on 111 

pods From the ailglxlar sue m d  geneial character of 
hales  Rainan has been able to estllnate the size and clisp( 
crystallme particles An X-ray investigation of the uacl 
shelIs hds enabled Ramaswami (1935) to confilm lh 
drawn floin these optical obselvatlons m d  to establish c 

oilentat~on of the crystals m tlie dtlleient shells He ill1 
the shells exammed the c-axis 1s normal to the shell-e 



the a '~nd  b-axes lying in the plane of the shell ha le  got a regzl1.1 
orientation (with only an error of 5') ws.lth respect to the Ilnek ( 

growth 111 the Lamell~br anclls and a qulte ra~lclorn o~lentatiot~ in ill 

Gastropocls In 'Nautilus Pompili~is' belo~lging to the Ceph,hpo 
group, a 1-71 ef eri ed orientL~tion 15 coinpli~~tted \vitll t~ inning and 
l a  ge eiror of orlentation of about l t50  Rmlasn ami's obwt t .tt~or 
on Nautilus are of special interest from the viewpoint of the pt c\cl 
investlgat~on and are referled to 111 detall later on Dlfkercn~t 
between t lx  d~ffusion Iiales of shells w ~ t h ~ n  the smle  group obsel-ve 
by Raman are correlated with variations in the size of the pl,ltelets I 

alngonitc and a vaiying amount of error 111 their orient,~tlun I 
observations w1t1-1 parallel and conve~gent polarised light unclei tl 
pet1 ograpluc nlicl oscope, Rajagopalan (1'336) has made me,tsureinen 
of the slze and ar~angeinent of the ~rys ta l  particles ~n the vmut 
shells and finds confirmation of tlit pevrous observatrons In  tl 
present mvestigat~on, the eIastlc properties of nacre of cliftmnt shcl 
have been studied and it is sllown that the relation betwctn tl 
elastic properties of aragonite and the shells is intelligible in .i iew 
the st1 uctural dctufs establ~shecl by previous ~nvcst~gators As 
shown ldtel, ~t has also been poss~ble to obtam n qunntithTc. cstlina 
of the protein dlstr~bution in n x i e  

Of the two cnlcilic shells stucl~ecl in this investigation, tl 
'chank' belongs to the Gastropod gionp svhlle the 'I 'la~una I'1:~~tn 
commonly knomll a5 the wnclow-pane oyster belongs to the En,lla r 
The shell of the chank possesses what Boggild calls thc holnogc-nco 
structure, appearing like a piece of porcelam witho~it any clet,liIs 
structuie whe11 examined under ordinary light When examnl 
between c~ossed nlcols, however, definite txtiilction 19 ohserved 
specific cl~rections, wh~ch m this shell, exhibits '1 ~ e r t m  m10mt 
el ror of onentatmn The stt uctzlre of the m~ndnx-pnnc oyster $11 
is what is called the folintcd .~tructuic, thc \hell being ~ m d c  up uf 
bundle of dmost parallel Ical ec, The 4 1 ~ 1 1  , t r~h~ tec tme  rs chstmc 
non-homogeneous e a d y  Anking uf-k in one diicctron ctncl. tc,rt itll: 



pleces in another Undei the polarlslllg nllcloccope, the optic axis 

defin~tely shows an ~nclination Co the she1~-sulfate clev~atmg appre- 
clably fioin 90" but possessing less erior of oxrentation illaa the 
chank This ktnd of foliated stiuctute IS the calcitic a t la log~~e of [Ile 
nacreous sit ucture of aragon~te as ~t OCCUI s in mothel -of-peat 1 6 )  
studying the magnetic amsotropy ofthese shells, Nl1akant.m (1931), 
has established the angle of orientation of the ophc axis to the sllell- 
surface The crystallttes of calctte forin a b11ck-woik like stluctme, 
the bids being rather clisplopollionately elongated and cemented 
together by a layer of conchyolin all lound There xs a icithei Itherdl 
use of this cementing material in this shell a i d  a? 111 the case of 
'M NIalgaiattfera,' ~t has been possible to obtam a quantltat~vc ed.llllale 
of the clistrrbution of the ce~nentlng inatel la1 from cox~sicle~ ations of 
the observccl elastic m o d ~ ~ l u s  of the sllell 

The I dative abundance of ci ystalline and ceinentmg inatlei 111 

the archttecture of the shell wdl exercise a l a ~ g e  cont~ol  on the 
ult~mate stlength of the shell and ~ t s  elastic behawour and so ~ t .  was 
constdered necessary to make a cheinlcal a~ialysis of the shells 111 
order to cletelmine the percentage of the constituents The method 
of analysls 1s paltlcularly simple stnce 11 is known that only l w o  
subbtances vlz , calclum carbonate and conchyolm make up  the shell 
The cmalysls was done by two ~ndependent methods, 111 one of whlch 
the calcmtn was estinlated as oxide and in the othei as caibonate 
H , ~ V I I I ~  detelrnined the amount of calcium cal bonate, the renlatllder 
was taken a s  conchyolin. The specimens that had been etnployed in 

the detei tnination of the elastlc moduli we1 e hr st dried lo1 about an 
hou1 111 an ail oven mainta~necl at 102" and then ~eclucecl to a fine 
powder in an agate inox tai This powdei, w h i ~ h  was kcpt lnslde a 
desiccatoi till ac t~~al ly  i e q ~ ~ i r e d  lor ihe analysis, served as  tlzc %tatting 
inaterlal for the methods of analysls In the fils1 n~ethocl a knowr 
amount of the powder was calcined to constant weight at b~lght  led 
heat in a cructble and the inass of the oxide t h ~ ~ s  obtained wal 
cleierinined The equlvalent amount of carboncite was calculate( 



and the balance was taken as conchpolin In the secotd methocl, ,i 
Imown amount of shell powder was dlssolvecl in excess ot dilutt 
hydrochloric acid and the calciutn was precq.xtatect as oxaI'tte 1t1 ,ttp 

ammonincal inedlum The pr ecipitnte, carefully . i i t ~ ~ h t d  nncl colle~ted 
in a cruclble was converted into the carbonate by healing to a dull- 
red heat with the usual precautions and the cal bonate obt,ilned flom 
the known amount of shell was determniecl, the balance bemg t,tktn 
as conchyolin 

The results of the c11emic;d analysls are glvcn in the following 
table 

TABLE I 

- ---- 

Name of Shell 

1 M Margardtifera 

2 M Vulgatts 

3 Trochus 

4 Tu1bo ..I 

5 Hehotis 

6 Nautil~zs Pompilms 

7 Wmlow-panc oyster . 
8 Chank . . 

I 
method 

I I 
met hocl 

95 0 

s9 0 

$7 0 

92 5 

9 1  0 

85 0 

8'3 7 

92 4 

I / I1 
method mc tlmd I 
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3 PREPARATION OF  TI-IE SPECIMENS 

In Sii C V Raman's piivatc collection of shells, lalge alld 
well-formed shells we1 c available belonging to the vai ious families 
and the followmg table glves details of the shells that were employed 
111 the present iilvestigatioi~ 

!I 

Gash opods 

I I 

Cephalopocls 

Name of Shell 

Placunn Placenta 

I-lehotl5 
(Abalone C ) 

Tul b~ilella Pli uin 
(Indian chank) 

Naulilus 
P0111p11us 

Cl ystall~ne 
Component 
- 

At agonite 

Source 

Boinba y 
inalliet 

Raineswat am 
(Madi as) 

Boinbay 
inalhet 

II 

And.tinans 

Callfol ma 

iaulcswal am 
(Mach as) 

Emur  
(Madias) 

As will be seen honl the above table except 'M V~~lgaris '  of 
whlch a specimen large1 t11ai-1 about 2" was not avail,hIc, '111 the other 
shells were cpzlte large spccirnens ancl ~t was not a cllfIicult matter to 
picpale a few good test pieces for measurmg the elastic constailts 
Flg I ~epiesents  the general appeaiance of a specimen of 'M. 
Maiga~atifeia' after the outei pilsnmtlc layet has becn cleaned up by 
a I npicl ;~pplicat~on of dilute h y d ~  ochloi ic a c ~ d  The lines of growth 
arc clearly cl~scer~~lble as large curvcd lines lunnxng nearly palallel to 



one mother and lt IS easy to choose a p l a ~ e  wllele the Illle\ ,lie 

sensibly stragllt over distances of 3 or 4 cm mlc1 in s t~ch  pl'lcec a 

FIG 11 

s t r ~ p  of about 5 ~ l i m  width and as great a length as possible IS 

marked out wlth ~ t s  length ~nclmed at a known definrte angle to the 
lmes of growth The stlip is afterwards c;tlefully cut oz~t ~ ~ t h  .L 
jeweller's saw and ground on a tluck glasc sheet with emery po\\rclsr 
of Increasing fineness so as to iemove the outei p r ~ s m a t ~ c  layer corn- 
pletely and pollsh the mcreotls layer sufficiently smaotll 'the 
clnracteristlc mclescent 1 eflect~on helps to ensule dulmg the gr~ncla~q 
that the surface of the specimen is parallel to the I c ~ r n n l ~ ~ t ~ o n  planes 
Tllr~s out of the strip cut out, a specilnen of ,~borzt :; cm lenqth, 5 mil 

tv~dth and 1 inrn tluckness 1s calefully prepalcd The f iml grxndmq 
IS done w ~ t h  the finest grade emery powder and the climensio~~s n1 e 
checked at difierent places w ~ t h  a scl emr ,+luge or \ c i n i c ~  c,llipers to 
with111 half a per cent deviation trorn tht, mean 

For gettlng tiansverse sectlons n spec~rtlly tluck Luge shoil uf 
'M Margal atifel a' urhose mem t l l~chess  nr,ts about 5 mm trr,i\ 

chosen and at its thickest poi tion, a still> nmrnal to the .~licll  surfdice 
was cut off m a direction pcai,iIIel to the 1inc.s of g i u u t l l  The 
lc~mitlations ale clearly dlsc~rmble '1s liries ~ u t l n ~ i g  p ~ r d l t l  to tlxt4 
su~face  of the shell Tliis s t l ~ p  1s first gromld so ,ts to h.me .1 thck- 



ness of about 2 mm I e , III the cli~cct~on pe~pet~dicular to 
gl owth ln the plane of the shcll In f;~voul hie posltlons tl 
of the shcll was a< ~ L I L ~ I  as 7 01 8 111117 A specimen wit1 
along 01 at a cleiuute linown in~ltn,lt~rm to the C-~x l s  1s t 

carefully polished The .cviclth of the specmen w,ts 
duect~on of the lines of growth ancl had '1 inagmtucle of 
4 111111 The th~cbness 111 the pl,me of the shell at r~gllt a] 
llnes of growth was of the oiclei of a min 01 less ln 1 

specimen 

In the case of ' Nautllus ', though l a ~ g e  shells were 
the expe~iinent, on accoulit of the vely large cu~vatuie anc 
t l~~ckness  of the sllell, specmens of only about 15-20 
could be plepared Furthel, since ~t was founcl that tl 
moclulus showecl sudden ~hangcs from direction to direct 
conslctel ed wol thwl~llc checkrng ~zp the values obtainccl w ~ t  
by experiments conclucted w ~ t h  specimens obtamed fron 
penclent shell md ~t will be seen from tables where the 
both the shells are given that wlthln the limlts of experlme 
the results are cornpalable In ' Trochus ' a diffic~dty wat 
cecl In geltlng the final surface of the test-p~ece pala 
la~n~nation planes This shell has got a steep sp11 a1 str 
there 1s a Ialge skew angle between tlic suifacc of the shc 
larn~llat~oils Fui t l m ,  the ~lidesceilce of tlus shell IS not qu 
wh~ch adds to the cllfficulty of getting a ploperly g ~ o u n d  
Though gleat care was of cou~se  taken 111 the preparai 
specimens, ~t is doubtful In the case of ' Tlochus ' whether 
success was acll~eved In n~alclng the sulface parallel to the 1; 

4 EXPERIMENTAL ARRANGEMENT 

(1) Yozmg's Modzilzis -(a) Foi detelrnlning thl 
~noclulus of specunens of at le'tst 2 cm lcngth, Koenlg's 
beildlng was adopted Two adjustable robust knife-ec 
bolted on to a heavy lathe-bed and the specmen was st11 
the two knife-edges Two s~liall plane lnlrrors werc fixec 
upper sulface of the specmen w ~ t h  the11 planes as near1 



cI1c~11ai to the specmen w f a c e  as possible mcl therr reflectillg 
surfaces facing each other At a distance of about a metre frorll olle 
of the nmrois wns suppoited a vertlcal 111111 scale mhicl~ was strongly 
illttminated wit11 an electric I m p  close at hand 011 the side of the 
apparatus remote flom thc scale was inountecl a telescope for vrewmg 
the Image of the scale as reflected by the two 111irror5 A sturup 
cariiecl on a third light and smdl knife-edge, resting ncros  the 
specimen exactly midway between the two supporting knife-eciges 
callled a light scalepan Care was taken to see that t ~ n  
m r  t ors were arranged syil~metrically w ~ t h  respect to the two knlfe- 
edges and thc cllstance apart between them svns e q ~ ~ a l  to or slq$tly 
grcater than that between the two knife-edges For the m n e  shell 
the experiment w , ~  repeated with difierent d~\tances between the 
Irnife-edges and with samples of dlffeient thicknesses The results 
justified the anticipation that witllin Iimlts, tlle elastic modulus wotdd 
he incleperldent of the dimensions of the specmen In c,ilculating 
the value of the mod~dus from the observed disp1;~cement m the reacl- 
ing of the telescope, the following formula was employecl 

wlleie (r is the Young's modulus of the mater~al, zu is the weight 
applied 'lt the miclpomt, D is the distance between the scnle and the 
mrrrol f,zclng it, 7 15 the distance be tmen the two mtrrols, 1 is tht  
distance between the two knife-eclges, b 1s the a id th  of the specimen, 
d 1s tlle thlcliiles~ of the specimen, and 2. is tlle obsc~ved d i y h c ~ -  
inent of the scale reading 

(b) For determining the Young's moclulus of specimens of 
1 cm length or thereabouts, a smgle cantilevel mcthocl of bc~lding 
was enlployecl The speunlen w'ls firmly cl.~mpecl 1m1 isont,~Ily at one 
encl to a st& short .celticdl pillar boltcd on to the 1,tthe-bed aiicl ws-.n\ 
loaded by means of a scalepan suspendecl fiom a 5tirrup resting on 
the specmen near its free end A thln strip of p1.m~ mirror ;ttt,rclled 
vertically to the free end of the speclmcn ,uid a telescope m d  scale 
nlouiltecl at about a metre in frollt wele employed to observe tllc 



deflectloll of the speclinen The mod~tlus wab c~lculated by the 

where 2 represents the dlstance on the specmen between the 
clamped end ancl the stiirup carlymg the scale-pan and the otller 
symbols signify as in the plevlous formula 

A test expertinent conducted on the same specimen by methods 
(a) and (b) showed that the lesults obtamecl wele coinpx ,hie 

(2) B z g ~ d ~ t y  n/lbdz1 Zzis -For cleterininlng the I zg1c11ty inodulus 
the followmg ax~angement was f o ~ ~ n d  conveimnt A stout vertml 
inetallic prllai about 20 x 2 x 2 cm was bolted rlgtclly to the lathe-bed 
and carrled two cross-arms The lowel cioss-,kt m was a fixed one 
whxle the upper one was capable of belng clamped anywl~cre along 
the pillai The specmen was, at its upper e x i ~ e i n ~ t y ,  h~ inly clamped 
to thc upper a1 tn and its lotver extleimty was clninperl axially to a 
disc A stout, sho1 t, smooth pin attached axlally to the Iowei face 
of h e  dlsc was pnssed just freely through a hole 111 the lower arm 
vertically below the uppei clamp m d  seived lo ptevcnt ldc la l  osc~l- 
la t~ons of the speumen tvhile, howcvel, allowing free 1 otation A 
piece of fine s11k thread was cloubled iouncl a pin fixed on the liin of 
the dlsc and ~ t s  two extreimties left the dlsc tangentially at opposlte 
cnds of a dlanleter and passlng ovel two smooth ball-bea~ing pulleys, 
caliiecl light scalepans at the ends Two small plane inxrlois calrled 
on very narrow inetall~c stllps weie fixed at a suitable distance 
apart on the specmen and a telescope and a scale weie arranged 
at a distance oi about 3 metre in fiont of the mlrrors Since the 
vertical distance between the two mirloxs was of the older of 2 cnl 
or less, 11 was possible to get the linages of the scde  as leflectcd 
by the two nxrrols siiilultaneously 1x1 focus ln the field of vlew 
of the telescope When equal welghts wcle aclclcd to the two 
scalepans, the lower end of the specimen was rotated ~elatrve to 
the upper end and the twist valylng as the d~stance from the clamped 
end pioduced d i f fe~ent  angles of rotation of the two mlrrors and 



ivllere 112' ~ e p ~ c s e n t s  thc mass at e,tcli end of the s t~ lng ,  g IS the ,kc- 
celerat~on duc to g~~tv t ty ,  d i s  the d i m t t c r  of thr, chsc, I 1s the 
dtstance bctween the two rntlrors, 7, 1s the c 1 1 b t m ~ t  t ) ~ t w ~ t w  th t  sc,de 
and the m n r o ~ s ,  CL 1s tllc n d t h  of tIic spc-c~iutn, 6 1s the thicbness of 
t l l ~  sp~cirnen, X I C I  t ,  and L, ,uc the o b w \  ed tlispl,rcemc~its of the 
readings from tlic two 11111 I ors 

T h s  fo1-11iul~l IS q p l m b l e  only to 5peclrnens wi~ost mldtll 1s .it. 

le& SIX t m e s  ~ t s  thickness mcl L C L I ~ .  w,1s t,ll,en to stx tlid ,ill t h t  
specimens employed satlsficd t l ~ s  cond~t~oli Ful thcr wee s1)tttmetls 
less than 3 cnl 111 length ~ o u l d  not he satlsf,rctunly uwcl m the 
appa~atus,  the ~ ~ g ~ d ~ t y  modulus ~n wch c,iws hLis not heen 
determtned 

RESULTS 
The follo\v~ng t,tbles glte the results uf the expelmerlts on the 

vartous shells The I csult5 .tre also t elxwentccl gr,rphlc1dly on polai 
coordinates so t h t  thc ~ d m s  vector In m y  dlrcction gives the 
modulus dong that dilect~on, the x - , ~ s  betng chosen to rcp~escut  the 
d ~ ~ e c t r o n  ol the Itnes o f  growth Fur pu~poses oi cornpinson w t h  
Vo~gt 's curves, in the case of some sp~cimtns ,  thc vJucb of the 
extens~b~llty and clefornlabd~ty '11 L plotttrl 1nst~,~c1 uf Ymng's modulus 
alcl rqyc1it.y modulus The I e ~ ~ p r o d  t lx  1'01111g's I~IOCILIIUS LT- 
pressed 111 gl ams we~ght  p t r  sclu~tl t I U I I ~ ~ I ~ I L  Cur 1s te11net1 the 
extens~blllty nnd c-o~ I espond\ to n l ~ t  Tc'olgt c all5 ' L)ehnultg\ co- 
cff ic~tnt  ' ,tnd thc I t ciprocd of tlit 11qt11ty n~odnltrs dso cxpl e s s t d  in 
grams ~veig l~ t  per squ'ir~ I ~ I ~ ~ I U I L ~ C I  IS ternled the cleformhlrty 
con espor~dmg to n hat Vo~gt  ~ d l s  ' Dr illungs ccreffic~elit ' 



Y o~lllg' s 
modulus 111 
dynes/cm 

9 25 x 10l1 

7 82 

7 38 

8 06 

7 0 1  

6 06 

5 74 

6 64 

7 23 

1 37 

7 59 

9 66 

-- 

Yo~lllg's 
niodulus 

in gin /nlm 

9 46 x 10' 

8 00 

7 55 

8 24 

7.16 

ti 20 

5 87 

6 79 

7 39 

7 54 

7 76 

9 88 

Young's Modulzis of M Nap garr atzfe? a ~n the t m m v e f  se s e c t m  

Inclination 
to the c - am 

Youllg's 
modulus 

in dvncsicm 



Inclination to 
lines of growth 
--- - 

0" 

15" 

3 0" 

45" 

60" 

7 5" 

90" 

1Orj0 

120" 

135" 

150" 

165" 

I of growth 

1 / 0" 



TABLE VII 

Incllllhtloll to 
lines of 
glowth 

0" 

7 5" 

15 0" 

22 5" 

30 0" 

37 5" 

45 0" 

52 5" 

G O  0" 

67 5" 

75 0" 

82 5" 

90 0" 

2nd Shell 
- ---- 

4 44 x lo1' 

3 4 1  

2 90 

2 90 

3 86 

3 86 

3 09 

4 6 1  

2 77 

3 13 

3 00 

1 9 8  

Average 



Fro 1V 

plnne of the shell 

Vo 1 Inclrnat~on to lmcs 
of growth 

- - 

Young's Modulus 
in dynes/cm a 

5 58 x 10'' 

4 8 1  

4 50 

3 74 

Extensibility 



Inclinat~on to Young's Modulus in 
lmes of growth dyneslcm 

Young's modzilus o j  o t h e ~  shells z n  the plane o j  the she 

No Shell 

2 Trochus 3 31 x 10" dyn 

Young's modulus along 
lmes of growth 

3 

NOTE -The Young's moclulus noinla1 to the llnes of giowtli has not bet 
mined in the case of M V u l g a ~ ~ s  smce the shell was a smdl llun 
a la~ge  cuivatuie 

Young's rno 
across line 

growth 

Hellotls 
(Abalone) 

I 



5 RELATION BETWEEN STRUCTURE AND ELASTICITY 

A MOT IIER-OE -PEARL 

An analys~s of the results given in the premous section hl mgs 
out proininently some interesting facts and ,in ,~ttenlpt 1s inacle to 
coirelate those facts w ~ t h  the I ~ I I O W ~  stlucturciI detculs, reserimg a 
cleta~led corls~cleratlo~l of ~ndiviclu~d sllells to a later 5tage 

It wdl be not~cecl that the elastlc propel t ~ e s  show a m o ~ c  or 
less regular va~iatlon with clirection In the case of shells of the 
Lamellibian~hs wheiem we know from independent evidence tllere 15 

a defimte or~e~ltation of thc crystals, mhde in the G h o p o d s  where 
thele 1s random oi~entation In the plane O F  the shell, the directlo~lrtl 
varlat~on of elasticity is 11 i egulal and within the limits of expcrmentLd 
errors and structu~al faults (In I-IELIOTIS C , however, there is 
cviclence of a cleiinitc though ~ 1 1 1 ~ 1 1  el as ti^ anisotropy, a f,tct Agreeing 
1~1th Ramastvami's observation that 111 t h ~ s  shell there 1s an ,irr.mge- 
merit simila~ to t h d  in hil VULGAIiIS but with rr I agc  error of 
orient,~tion varymg from 60 to 90") In NAUTILUS wl~ere an 
mtermecliate behamour ttd1 be expected, d totdly peeu11,tr v 'u~at~on IS 

observed ancl it will be conslclcred later on Agam witlm the same 
zoological group it is observed that the elnstxcity varles ~onwle r~ ib ly  
from shell to shell Thus the Youn~$s mucIuIus of 31 hfARGXRA- 
TIFERA along the lines oi growth is 9 :), svlule the correspond~ng 
value for M VULGARIS is 4 3 A~nong the Gcistropocls, TURBO 
posesses  a value of G 5 for ~ t s  Young's modulus whlch it 1s about :; 3 
and 4 3 for TIZOCHUS ,md I-IELIOTIS C , i e y e c t ~ r  eIy The 
absolute magnitude of the elastic nlodulus of any sllell 1s ,dso of 
intei est Thus 111 M MARGAWXTIFElIA where tlie a~~ent,i t io~z is 
of a high older of regularity, the Young's nloclulus 111 m y  c'l~r~ction 1s 

cons~clerably less than th'it of ar,~goiute in a correspo~~cllr~g tlllc~tron 
The avelage vdue of Young's moclulus fol a r'indom dlstnhut~on of 
al,igonite urlll br. about 9 3 wh~lc the '~ctunl vdue  for TURBO rn 
xvhicll a completely ranclonl orient,rtion IS lino~vn to txist 1s In tllc 
whereabouts of 6 Ci 

That the  el&^ mlsotropy of the shclls clepczrd upon the 



degree of orientat~on of the aragonite crystals in the plane of 
shell is a necessary consequence olr the fact that the x a g ,  
crystal itself possesses ma1 becl elastic anisotropy Hencc 
o ~ d c ~ l y  dispos~t~on of thc cl ystals w~ll inole or less tend to pre: 
the an~sotropy, wlzile a qrulc random orientation wdl average 
the differences to a mean value Comparrng Figs I & 111 
see that the elastic cmves of aragonite in the xy-plane and oj 
shell ' M Margaratifera ' 111 the plane of the shell are quite si 
(except for the ratio of tlze axes) and that tlze maxlmuin value o 
Young's modulus of aiagonile occurs along ~ t s  a-axls and of the 
nea~ ly  along the lines of growth From t h ~ s  we infer tlza 
' M Ma~garattfera ' tlze aragonite crystals are orientcd In the pla 
the shell w ~ t h  the11 a-ax~s, more or less, along the lines of growth 

Stdl the fact that llze actual elastmty ts constdet ably less tha 
probable value for the drstr~bution coi~ccrned calls for an explan; 
W e  h o w  that rn all these shells, though the bulk of the matter 
s ~ s t s  of aragonite crystals, the crystal particles thetnselves are b 
togethcr in a frameworlz of conclzyolm It IS also known that 
chyolm possesses a very low elastrc~ty of the order of 0 3 x 1Ol1 dl 
cm a and that the resulttng elastic~ty of a nuxtu~e of two subst, 
wdl have an intermediate value The drop In the eldst~clty of the E 

xs therefore to be a t t~hu ted  to the effect of the bmclmg matei~al 
assumption gets further support from the Iact that wltllin the 
fam~ly, the drop ~n the elasttcity lncleases wlth the conchyolrn co 
of the shells, as xs seen from the follow~i~g table. 



Lamelli- 
branches 

, I  

Gastropods 

1 )  

1 ,  

Cephalopods 

M Ma1 gal atlfer; 

Turbo 

Hehotis 
(Abalone C ) S O -  9 0  

- 
Young's 

inocIulu\ ,dong 
lines of growth 

9 3 x 10l1 
clj nes/em ' 

" Tiochus appeals to be an exception but ma) not be ienlly .;o The Ion 
value ol  the Young's modulus in spite of low conchyolxn content m~qfit he due to 
want ol pa~allellsm between the sutface of the test-piece and the  plan^ of 1nmn~1- 
tions, a cl~lficulty that has alleddy been refeiied to 4, s e w  floin tablt IV,  LI tn ,L 
small inclination to the lamination phne bllng5 the Young's inodulu~ dorm f i m  t 

v d u e  9 3 in the plane of the shell to 3 3 fol an inclination oi only l,"jO tlltlefnon~ 

B CALCITIC SHELLS 

The elast~c modulus ol the calchc shells, chank ancl Plncur~rt 
Placenta shows a marked arl~sntropy in the plane of thc sllcll lt\tlf 
'I'his is interest~ng iron1 two po~nts of vlew O~c l i~ i a t~ ly  m '11 , ~ g c ~ n ~ t ~ c  
shells, the Gast~opod fatndy shows a I andom dtstrtbutlon of the crt s t d \  
m the plane of the shell ~esulttng m auniforn~ value of Young's moclulu~ 
111 d~i-kerent dtrect~ons The cllatlk wh~ch  belongs tu the GdsLropotl fmilly, 
howevel, shows a defintte msotropy 111 the plme of the shell n h i ~ h  
clearly rules out a r m d o ~ n  or~ent,itlon Thc next mterestmg poult 11s 

that, the elastic p ~ o p e ~ t i e s  of c J ~ l t e  1x1 a plane perpencli~u1,tr tu thc 
o p t ~ c  axis being   so tropic, tht. I ~ g e  elastxc mlsotropy of the C J ~ L I ~ I C  



shells In the plane of the shell definitely md~cates an inclination c 
c-axis to the plane of the shell, differtng appreciably floin 90" 
dependent ev~dence of this conclusion is available both from a stu 
the inicroscoplc structure and magnetic anlsotlopy of the shells 

Also a cornpamoil of the values of extensibtllly of the 
with the corresponding values of calcite given by Voigt shows 
the plane of the shell in the case of the chanb cor~esponcls tc 
xz plane of calcite wit11 the x-axis parallel to the lines of growth 
the z-axis in a plane pe~pend~cular  to them Furthei, the laige 
of the extensibility at rlght angles to the lines of giowth I e , m t 
plane s~zggests that the inclination of the z-axis to the plane c 

shell IS not very large, piobably of the older of about 30" 

A sxmilar conlparison in the case of Placuna Placenta indl 
that the plane of the sliell corresponds to the yz plane of calcite 
the lines of growth parallel to the z-axis The plane of the 
however cannot be the yz plane since the micioscoplc as well , 
magneilc evidence definitely establishes that the z-2x1s is inc 
at an angle of 64" to the shell surface Fiom the close cone 
dence of the extensibility in the plane of the shell with that c 
yz plane of calcite, we infel that the g-axls is nomal to the 
of g~owth Hence we infcr the followiilg facts about the clispo 
of the clystals In the plane of the shell Y-ax~s perpeid~cular tl 
lines of growth, x-axls palallel to the lmes of giowth and rnclir 
an angle ol 26" to the plane of the shell, z-axis parallel to the 
ol growth and iilclinecl at 64" to the plane of the shell " 

As In the case of the aragonitlc shells, the eflect of the 
chyolin IS to dimmsh the actual value ol the eldsticity of the c 
structure in the V ~ I ~ O U S  dl1 ectlons and a cletaded calc~zlat~on 1 

upon the obseived elastic modulus 111 the respective cliiect~ons en 
us to deduce the c l~s t t lbu t~o~~  of conchyol~n 111 the stlucture 

6 'M MARGARATIFERA' 
By making use of the observed values of the Young's mo 

along and acloss the lines of giowth 111 the plane of the she1 
" Numeilcal value tahen from Nilalrantan's papei 



combination wtth the met oscopic data on the s u e  of the crl stnlliile unit\, 
it ts possible to calculate the distlibutton of cotlcllyolitl tn the \tructure 
Considering the tlatule of thc quantlties involved 111 the ~ c i l ~ ~ i r ~ t i ~ t l  ,lnd 
the unavoidable approxiinations introduced therein, the remlts ;trc ;tt 
best only near the truth but their g t e d  cl,um to con~icler,~tion lic, In 
the fact that the value of the Young's modulus perpencl~~~i l , r  to tht 
plane of the shell deduced from the results of the c,~l~ul,ltion ' ig t~es  
remarkably well wtth the experimental \,due Inde~cl,  it was the 
startingly low value of the Young's modulus 111 this directlot1 accorcttng 
to the calculations t h d  was the incentive for the ~ d h e i  cliflicult exptil- 
mental determination of thls quantity and it is grdlkying to note tlidt 
the trouble proved to be worth talztng 

A detailed calculation is given for tlle shcll 'M R h  g,ir,~tifera' 
smce only ti1 this case all the nece5s~~ry optic,ll ~ n d  other d d , ~  wtrc  
available The architecture of this shell call be cornpared to a b l ~ ~ k -  
work on a microscopic scale wherein the particles of arcigontte form 
the brlcks and the conchyolin forms the inortnr Assuining the 
platelets of aragonite to be approxtmately r e ~ t ~ ~ n g t ~ l a i ,  let 11s dlmen- 
stoils be a, p and Y along the ciystdllographtc axes a, b and c and 
let us  choose the axes of co-ordinates, x, y and 7 respectively pnrallcl 
to a, b and c If we assume t h d  the conchyolti~ su~iouncling the 
platelet all round has got a tlncliness Sa along '1, 6P dong b mcl GY 
along c, the unit of structure can be taken <is A platelet of aragonltc with 
adjoining conchyolm layers on one set of three mutually perpencliculdr 
faces In effect the stiuctural unit becomes brick of diinensiurls 
( u  f Sa), (P + 6P) and (Y 4- SY), the a p ~  portlon of wlllch consists of 
aragonite and the Sa-(YP-JY portion consists of conchyolin S i n ~ t  the 
entlle shell conststs of a packing of these structurd units, th5 Yomg's 
modulus of the shell ti1 any dtrection will be tlic same as that of the 
structural unlt in that direction Hence we shall  low proceed tw 
deduce a general expression for tlle Young's Modulus of thc structuial 
unit in any dl1 ection 

Let p,, q, and rl, be the Young's n~oc lu l~~s  of nrngonite dong 
the a, b and c axes respectively m d  let q be the lTourlg's miodnlu5 ot 



conchyolin assumed isotropic and let q, , p, and 2, be requlred va] 
of the Young's modulus of the structural unit along the x, y and z-, 
respect~vely 

In order to find the total effect In any drectlon of all the 
clzyolin layers, we shall conslder the efiect .hrst of the layer norm; 
that direction and then of the l a y e ~ s  parallel to that dnectlon 1 
in order to find the Yo~mg's inodulus q, we shall first conslder 
effect of the layer of thlclrness Su on the a~agonite and then the e 
of the layers SP and dr If a stress of rnagnltude S acts or 
structural unit parallel to the x-axis, 

s 
Strain along the x-alxs of the aragonite portion = - and s 

-. qa 
8 

along the x-ax~s of conchyolm portion =- 
4 

B f l  
The corresponding extensions are - u and- Su respectiv 

t l a  4 
8 s - a +  - Su 

Total stram E = ~ ~  4 
a + Sa 

S at-da q, q ( a  3 . 6 ~ )  
Modulus q'= -= - - 

r a da qu -t-q,Sa 
--I--- 
4. ' 4 

Next to find the efkect of 8/3 and SY on q' cons~cler a sect1 
the structul a1 umt nolmal to .the x-ax13 The thlclrness of the 
cl~yolm layer 111 the ab-plane IS 67 and that 111 the ac-plme 1 

Let us consider a unlfo~rn linear stram, e along the x-axrs 

Force on the aragoiute face along the x-axis=eq'@r 

Foice along the x-axis on the conchyolin 
e layei of th~ckness, SY 1 = ea(p -I- WJY 

Force along the x-axis on the conchyol~n 
Iayei of thickness, ) = e g ~ S p  

Total force along the x-axls = ( p ' p ~  I- @SY + q~6P)e  

(In this expiession and in the sequel, products of SU, d/ 
$7 among tl~enlselves are neglected as quantrt~es oi the seconc 
thud order of magnitudes ) 



Final modulus along the x-axts = q, 

Substttutmg for q' tn 2 from equation 1, 

By a cycllc varlatlon of a, and Y, we obta~n, 

Now of the three quantltles qx, B and qL glveri by equations 
3, 4 ancl 5, q, and q, have been deternmeci experin~entally ancl 
hence to solve for SU,  S P  and dY another e q u c h n  connectmg them 
wlth Imown quan t~ t~es  is necessaly and t h ~ s  is obtan~ed from con- 
sidelation of the pe~centdge composltlon of the shells Cons~de r r~~g  
the s t ruc t~~ra l  unit of d~rnensions (a  + Su), ( p  + JP) and (Y 4- S Y )  

Volun~e of ar'tgontte = UPY and 

Volume ol conchyolin = ( @ Y ~ u  + Y a S p  + up@)  

We know from the chemical arialys~s of 'M Mrtrgarntlfern' tli,it 
it c o i h m s  95 per cent by wclght of aragonite m d  5 per cent by 
weight of conchyolin 

Hence in 100 gm of the shell, 
Welght of aragomte = 95 gtn and 
W e g h t  of cot~cl~yolm = 5 gm 
Denslty of ardgonltc ==2 92 g m  /c G and 
Denslty of conchyo l~~~  = 1 25 gm /C c 



Hence 111 100 gm of the shell, 
Volume of aragonite = 32 5 c c and 
Volume of conchvolin =4 0 c c 

32 5 
Ratlo by volume of aragonxte to co~~cllyol~n =- 4 0 But from 

the climeiisions of the structuial unit, the iatm of the voluilles 

From a, careful study of very thin sections of thc shell, uilder 
the imcroscope, the platelets are found to have diinensions veiy 
nearly in the ratio of 3 10 1 along the a, b and c-axes respectively 
Hence, in our equations we can substitute for u, /3 and Y the quail- 

titles 3, 10 and 1 iespectively on some asbltiary unit To get an idea 
of this a r b h  ary unit it might be remaiked that the largest climellsion 
of these platelets varies between 3 and 4 , ~  and hence 10 of these 
arbitrary unlts make up 3 or 4 p  

Solving equations 3, 4 and G for Ja, SP and JY, we obtain 
6u=00267 , JP=OOgti, S Y = O  lo66 

W e  tllus find that the thickness 87 of the oiganic material in 
between successive layeis of aragon~te is only about one-tenth the 
t l~~ckness of the aiagonlte layer itself, ct fact which confirms the mews 
of Schmidt and Rainan Furthei, compared to the thickness of arago- 
nlte in cori esponding dii ection\, there is maximum pi otem ratio in the 
z-axis direction, 

By substlt~~tlng for Sa, SP and SY 111 equatlon 5,  the Young's 
modulus of the sliell perpendlcrzlar to ~ t s  surface comes out to be 
2 28 x lo1' dynes/crn Tlze experimental value (refer table IV) 1s 

2 1 x lo1' dyneslc~n and the agreement IS seen to bc quite goocl 

7. ' NAUTILUS POMPILIUS ' 
As mentioned previously the elastlc behaviour of this shell 1s 

pecdiarly mterestiilg This shell belongs to the Cephalopod family 
where the crystals of aiagonite ale l~avmg an lntermecliate degree of 
orientation Hence one would have expected the elast~c curve to 
have a shape neither so elllpt~c as ' M Maigaratlfera ' nor so circular 



as ' Turbo ' The actual curve, however, has got a very 11 regular 
shape svitll sudden var~a t~ons  between m m m a  and lnlnln1,l If, In the 
calculat~on glven In the plevlous section for the Young's modulus of 
' M Rfa~garat~feia ', we substitute 14 pel cent of co~~chyol~n  ,LS ~t 
exists 111 ' Nautilus ' Instead of the ,j per cent as In ' &I hIarg,tra- 
tlfeia ', we obtam the value of Young's inodulus son~e\vllele ahout 
4 8 and it IS xnteresting to note that 111 the expe~lrnent on ' N:u~t~lus ', 
the value of the inodulus m any clnection does not exceed t l ~ s  Innit 

From X-ray st~zclles, Rdmaswanly hds pomted out th,it 111 

' Nautllus ' the crystals of aragonite nre twmned m o s s  the pl,me 110 
A gloup colmstlng of two pans of oppositely directed t\vms 111 neces- 
sary to explain the X-ray phttein Ftorn the po~nt  of vlew of e1~st.l- 
clty, however, the two pairs ~tre  ~dentlcal sincc the el,lstic curve of 
aiagonlte 1s syinmetrlcal wt1-1 respect to the axes Assunling f o ~  a 
moment that a sim~lal twinning were to take place In ' h1 hl,~rg,uatl- 
fe ra '  we can eas~ly calculate the effect on the elastlc curve of this 
twmllng For findlng the Young's modulus 111 m y  dl1 ection of a 
twlnned structuie, we shall have to compou~zd in that cl~rect~on the 
effect of the two c~ystals  inclined to each other at an mgle of 120" 
If  q1 and q2 represent the Young's modulus .rlong any d~rectlorl due 
to the two components of a twinned structu~e, the ies~zltmt v,due y in 
that dii ect~on w ~ l l  be 

2 $5 4: 
41 f 22 

The f o l l o w ~ ~ ~ g  table gxves the calculated values of the Young's 
modulus for a twlnned s t~ucture 
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TABLE XI1 

Young's naodukz~s of a tw~nned sty zsctzs~ e 

W e  see from the curve (Flg 111) that the effect of tw~nnmg IS 

to cons~de~ably  rnod~fy the elastx behawour W h ~ l e  the elastlc curve 
of untwltmed crystals In ' M Margal atlfera ' IS a un~form elltpse, that 
of a tw~nned structuie shows maxima and minmia wlthtn the same 
quadrant It should, howevei, be adtmttecl that the maxlma and 
mlnima of the twinned structure are fewel and much less pronounced 
than those represent~ng the actual b e h a v ~ o ~ ~ r  of ' Nautilus' Twm- 
nlng may be respons~ble to some extent f o ~  .the pecultal behav~our of 
' Nautilus ' but ~t looks as though it 15 not the whole cause. The la~ge  
quantity of conchyolin present m thlb shell, ~ntroduces, pe~haps ,  com- 
p l~ca t~ons  in the elast~c propert~es One I e m a ~  Itable feature that was 
noticecl In the present ~nvestlgat~on was that, of all the shells exammed, 
it was only ' Nautllus ' that showed an elastlc hysteres~s to a well- 
defined and large extent Possibly the dis t r~but~on of co~lchyolrn m 
the plane of the shell is of such a character as to give rlse to the 
sudden varlat~on In elastlc properties from d~rectlon to direction 
When thm sections of t h ~ s  shell are examlned between crossed nicols 



~ ~ l l d e r  the polarlsmg microscope, the conchyoh apllears as dark 
patches and the size and drstrlbution of these dark pntcllcs ,Ire foullc~ 
to be of a complex charactel, a fact which lends further support lo tills 
~ d e a  

8 PLACUNA I'T,ACENTA 

By the method employed in the case of RII Ma~garat i fe~a for 
elucidating the conchyolm clistlibution in the shell ~t IS posslble to (10 
the same for thls shell The v h e s  of the extensrbrllty of c,ilclte 111 

the plane of the shell palallel and perpendicular to the 111les of growtll 
and m a dlrectlon p e r p e n d d a r  to the planc of the shell have been 
obtained by substituting propel values of the clii ect~on cosines 2,  WZ, 
and IZ 111 the generd  explesslon glven by Vo~gt  f n ~  the extenstb~l~tp 
of calc~te in any direction Rernenlbe~lng t h d  tllc extensibility 1s the 
i eciprocal of the Young's n~oclulus e x p ~  essed 111 gi ,~ms  mtight ~ C I  

sq  mm , the co~~espondlng  values of Young's moddus in dynes pcr 
sq cm have been cdlculated The general cxpresslon for the ex- 
tenslbillty E ( I ,  m, n) in a dii ection whose cfrrection Loaines w ~ t h  
s, y and z-axes are respectively I ,  91% and 12 is E(l,m,n)= 

11 1 4  (l-n2)2 + 17 13n4 + 31 0 5 ~ n ~ d +  17 97?m (312-m2) 

The directloll of the h e s  of growth rn the plme of the shell 
corresponds to '1 dlreclion in the XZ plane of calcite inclined at clrl 

angle of 64" to the z-axis and 2G0 to the x-'lxis, wlde the d i ~ e c t i o ~ ~  nt 
right angles to the lines of growth ~ o ~ r e s p o n d s  to the y-axls of 
calclte The direction normal to the plane of thc shell co~iesponds 
to a direction xn the xz-plane of calclte incl~ned at ,m mgle of 26" to 
the z-axls aild 64' to the x-axis Hence the extensibility correspond- 
mg to the three drrections will be obtamecl by substituting 

I =  cosZ6, nz=0 and n.=cos64, for the fil st dncctlon, 
. 1 =n=O and ?IL= 1, for the second direction and 

1 = ~ 0 ~ 6 4 ,  nt = 0 and n = cos% for the tlliid d i ~  ection 
Thus calling the three dlrectlons d, b and c, we obtaln 

j3 ! ,=7901~10-~  and q,=133Sx101' dynesper sq cm 
Eb=ll 14 x and qb= 8 75 X 10'' ,, I I  

E , = l l 6 1 ~ 1 0 - ~  and q,= 874x1Ol1 ,, 1 1  



From the experiment, we know that fl,= 1 8 x 1011 dynes/ci$ 
2nd qy = 1 34 x 10" dynes/cma 

T l ~ e  percentage of calcite In the s l d  =89 7 m d  of conchyollll 
IS 10 3 

Density of calc~te = 2 72 gms /c c and 
Dens~ty of conchyolin = I 2 5  g m s / c c  

In  100 gms of shell, 
89 7 

volume of calclte = - - 2 72 -32 98 c c 

10 3 
and ,, ,, conchyolin =-- 1 25-8 25 c C, 

Ratio of the volume of calclte 32 98 
to conchyolm = m = 4 0  

The values given by Schmidt foi the platelets of calclte In Placuna 
Placenta are 1 0 0 ~  x 5p x l p  

a=100,u, ,!3=5,~ and Y = l p  

Substituting the3e values m equations 3, 4 and 6 and solvmg 
for &, BP m d  SY we obtaln Sa = 16 9 , ~  , 8,8= 1 2 2 , ~  and JY = 0 1 6 3 ~  

The values of the concl~yolm thzclmess surroundmg the calc~te 
crystalllte obtalned above mdicate a vei y libel a1 dlstirbutlon of the 
protein , partlculally the thickness of conchyolin along the lmes of 
growth between nclghbourmg platelets of calcite comes out to be of 
the older of nearly 1 7 , ~  about a slxth of the length in this dl~ection of 
the d a t e  platelet. W~thout  bemg actually plesent In such lalge 
patches, an equivalent effect could be produced by even a small eiror 
of or~entat~on ol  the crystall~tes Smce the cl ystallltes ate very long 
compared to then uoss-diinensions, even an error of or~entatlon of 5' 
wlll make the eflective thlcltness of coi~chyolin along the lmes of 
g ~ o w t h  very large Slnce ~t is known that there IS a cerlam degree 
of error of orlentatlon in thls shell, the high value of SU 1s very Illrely 
the effect of t lm  fact 

A comparison of the relatlve thicknesses of crystal to plotem 
In ' M Margarat~fela ' and Placuna Placenta is very significant 



a d  a J'P P GY Y 

M Margarat~fera 0 0089 0 0095 0 107 
Placuna Placenta 0 16 0 24. 0 16 

It is seen at once that the conchyol~n distr~but~on 1s more or 
less un~form all round in Placuna Placenta wide 111 hI h4,q.p ,~t l f t ra  
~t occurs much more l~berally normal to the plane of the shell than In 

the plane of the shell Also In conform~ty w ~ t h  the greater conchyol~n 
content of thls shell, Placuna Placenta has a very l~beral d~stribut~on 
of conchyolm all round T h ~ s  explnlns both the e,xsy Flctkmg of this 
shell and ~ t s  easy tearmg in the plane of the flakes Ev~dently also 
the low values of the elastic modulus ale due to t lm l u g e  protem 
content 

9 SUMMARY AND CONCLUSION 

The elast~c properties of mother-of pearl obtamed from a 
number of molluscan shells have been determmed m cl~ftercnt dit ec- 
t ~ o n s  w ~ t h  respect to the lmes of g~owth  In the case of 'hl Mar- 
garatifera' the Young's modulus 111 the tiansverhe wction also has 
been determined As a general rule ~t IS found that m a11 the shells 
exammed, the Yo~lng's i nod~~ lus  In any gwen d~rectlon d~nlin~shes 
tvith increasmg protem content 

In 'M Margarat~fera' there IS a large e l ~ s t ~ c  nmotropy 111 the 
plane of the shell, the v a l ~ ~ e s  of the Young's modulus pardlel m d  
normal to the lmes of growth being 9 3 x 1O1ldynes/cm and 5 b x 10" 
dynes/cm 2, the shape of the elastic curve b e ~ n g  s~mllar to thnt 
of aragon~te in the XY-plane The torsiol~d propel t ~ e s  in the plane 
of the shell show also an an~sotropy s ~ m ~ l a r  to ar'igon~tc m tlie SY- 
plane These observ,it~ons agree well with the known cxrstence 
of or~enta t~on in the plane of tlie shell of the crystal p'irt~cles ~ompos- 
ing the shell The Young's modulus in the transverse sectmi i s  

found to have a remarkably low value 

The elastic belmuour of ' Turbo ' and ' Trochus ' 111 the plnne 
of the shells is, on the othw h'ii~d, ISO~IOPIC 'igreemg wefl w t h  the 
known randomness of crystal o~ientat~on pesen t  m these shtlls In 
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